A minimal parameter tight-binding molecular-dynamics scheme incorporating a Hubbard Hamiltonian for the treatment of magnetic effects is detailed. The computational efficiency of the scheme allows applications to cluster sizes well beyond the range of ab initio techniques. The method is used to obtain magnetic moments of Ni, Fe, and Co clusters in excellent agreement with experiment. ͓S0163-1829͑98͒01416-7͔
I. INTRODUCTION
Stern-Gerlach experiments performed on clusters of transition-metal atoms [1] [2] [3] [4] [5] [6] ͑CTMA's͒ are usually analyzed under the assumption that the CTMA's are single-domain magnetic particles. Depending on the conditions of each experiment, the profiles of the CTMA's being deflected by the Stern-Gerlach magnet exhibit either superparamagnetic or anisotropy-induced relaxation. 7 The latter case occurs when the thermal relaxation time th of the clusters is much larger than their observation time, p , i.e., the time required by the clusters to pass through the poles of the Stern-Gerlach magnet. On the other hand, superparamagnetic behavior is exhibited if the experimental setup allows the condition th Ӷ p to be satisfied. According to the theory of superparamagnetism, 8, 9 the magnetic moments within a CTMA move coherently, and thus the magnetic moment M n of a CTMA consisting of n atoms can be represented by a single vector of magnitude equal to M n ϭn͗ n ͘ ,
͑1͒
where ͗ n ͘ is the average value of the magnetic moment per atom of the cluster.
Recent experimental results [1] [2] [3] [4] [5] [6] have confirmed the superparamagnetic behavior of CTMA's in suitably chosen experimental setups. The basic quantity that is measured from these experiments is the average value of the magnetic moment per atom, ͗ n ͘, and its variation with temperature, magnetic field, and size of the cluster. Such data have been recently reported for the clusters Ni n , Fe n , and Co n with nр700. [2] [3] [4] [5] [6] The variation of ͗ n ͘ with the cluster size ͑i.e., the number of atoms of the cluster, n) has been experimentally obtained at temperatures Tϭ78 K ͑Ref. 5͒ and 73рT р198 K ͑Ref. 6͒ for Ni n ,Tϭ120 K ͑Ref. 5͒ for Fe n , and Tϭ78 K ͑Ref. 5͒ for Co n clusters. From these results one observes that, for small clusters, ͗ n ͘ exhibits values much larger than those corresponding to the bulk materials and that, as n increases, ͗ n ͘ decreases, although not always monotonically, toward its corresponding bulk value, the latter being practically attained for nϷ500-700. Further analysis of the existing experimental findings for the variation of ͗ n ͘ with the cluster size shows sharp dips superimposed on the monotonic decrease of ͗ n ͘ with n for cluster sizes for which closed icosahedral geometries are possible ͑i.e., for nϭ13, 33, 55 , etc.͒ 6 Furthermore, a comparison among the reported experimental data reveals a noticeable spread within relatively large error bars for the measured values of ͗ n ͘, especially in the case of small Ni n , Fe n , and Co n clusters. 5, 6 Such a spread may be partially attributed to the different experimental temperatures at which the reported data were obtained.
Although a lot of experimental data have been reported that confirm the superparamagnetic behavior of the CTMA's, [2] [3] [4] [5] [6] detailed analysis of experimental data about the dependence of ͗ n ͘ on the cluster size and/or the cluster geometry is limited. This dependence is formally expressed by the relationship ͗ n ͘ϭ͑n,͕R n ͖͒,
͑2͒
where ͕R n ͖ denotes the geometric configuration of the cluster or, alternatively, the set of position vectors of the atoms of the cluster. To the best of our knowledge, the existing experimental information about the relationship described by Eq. ͑2͒ is limited, and refers only to the detailed dependence of ͗ n ͘ on the cluster size, 5, 6 and no experimental data have been found reporting the dependence of ͗ n ͘ on the cluster configuration ͕R n ͖, a case for which only theoretical data are available. The ground state geometry of the CTMA's is usually obtained from a different class of experiments, namely, those utilizing either photoelectron spectroscopy [33] [34] [35] or chemical probe methods. 36, 37 The chemical probe experiments indicate strong evidence for icosahedral packings of small CTMA's, and this geometry is assigned to the geometry of the free clusters by assuming that the probings do not affect the geometry of the clusters. The icosahedral geometries of the small CTMA's, as well as a growth mechanism which is well explained by the umbrella model of cluster growth, have gained strong support from experimental results using the photoionization spectroscopy. 33, 34 The theoretical studies of CTMA's need to explain not only the experimental findings but also a host of other interesting features. They include the study of how an atomic property evolves into its corresponding bulk feature. An example of this property would be, say, the atomic ͑local͒ magnetism. Another interesting feature is the possibility of constructing new materials, relying on a cluster-type buildingblock, that has recently attracted much technological interest and, in turn, generated theoretical interest as well.
The main challenge to the theoretical study is summarized by Eq. ͑2͒, which shows the dependency of ͗ n ͘ on ͕R n ͖ for a given value of the number of atoms n of the cluster. The important issue that needs to be addressed is how the geometric ordering of the cluster affects its magnetic ordering, and vice versa. From early investigations, 17, 18, 38, 39 it became clear that the magnetic behavior of the cluster is the result of a very delicate interplay among various factors, such as the symmetry of the cluster, the bond lengths, the coordination numbers, the size of the cluster, and, finally, the chemistry of its constituent atoms. Any one of these factors could play a dominant role in the magnetic behavior of the cluster. As noted by Castro and Salahub, 26 the types of chemical bonds and patterns of charge distribution influencing the ͗ n ͘ values in CTMA's depend on the total spin states. A striking example is the result of Dunlap, 19 who showed that for fccFe 13 , an increase in the bond length from 4.4 to 4.81 a.u. is accompanied by an increase in M n from 32 to 44 Bohr magnetons, B . Other examples illustrating this delicate interplay between geometric and magnetic ordering were given by Mlynarski and Salahub, 11 who observed that, for Ni 4 and Ni 5 clusters, a significant decrease in the coordination number increases the splitting between the spin-up and spindown electrons, thereby enhancing the value of ͗ n ͘. On the other hand, they also noticed that a contraction in the Ni-Ni bond in Ni 4 may result in a reduction of the local magnetic moments due to an increase in the d-band-width. We have also shown 31 that the energies of the various spin states of a CTMA of given size lie very close to each other, and correspond to almost identical geometric configurations.
All these results indicate that, in order for one to properly describe the magnetic behavior of the CTMA's, it is necessary to obtain an accurate estimation of the ground state of the CTMA as a function of the independent parameters mentioned above. This means that accurate total-energy calculations need to be performed for each cluster in order to locate its minimum-energy configuration with respect to a simultaneous variation in all the independent parameters ͑on which the total energy depends͒. Additionally, it must be kept in mind that a profound understanding of the cluster magnetism requires that electron correlation effects be approximated satisfactorily.
It is thus clear that the determination of the ground state of magnetic clusters is a very difficult computational task, which, at the ab initio level, becomes formidable, even for clusters of intermediate sizes, i.e., for 10ϽnϽ100. So far, most of the calculations on CTMA's have been performed within the local-electron-spin-density approximation, ͑LSDA͒, because the size and the complexity of the transition-metal atoms do not allow a configurationinteraction ͑CI͒ approach to CTMA's. The CI calculations are usually restricted only to monomers and/or dimers, and very often the accuracy of the CI calculation achieved is crucial in the ground-state determination of a transition metal-atom and/or a dimer. In Ref. 29 , we give a summary of various methods used and results obtained from applications on Ni n clusters. On the other hand, due to the formidable computational requirements, the LSDA-based ab initio calculations, which include a global symmetry unconstrained geometry-relaxation and an unrestricted total spin value for the cluster, are very rare and are usually restricted to cluster sizes with nр10. For larger clusters, the common practice is to allow the variation of only a limited number of the independent parameters of the system while performing a restricted ͑constrained͒ minimization of the total energy of the cluster in order to determine its ground state. The most commonly employed calculational restrictions include one or more of the following approximations: ͑i͒ A globalsymmetry-constrained geometry relaxation, which allows only a variation in the bond length while keeping the symmetry of the cluster fixed. ͑ii͒ A limited symmetry variation keeping the bond lengths fixed ͑the latter usually kept at their bulk values͒. ͑iii͒ Suppression of some Hamiltonian interactions ͓e.g., neglect of the s-d interactions in a tight-binding ͑TB͒ description͔. ͑iv͒ Restriction of the total spin value ͑or equivalently the value of M n ) during geometry optimization. ͓In such an approximation, M n is not allowed to take any dependence on the cluster configuration ͕R n ͖ during a molecular dynamics ͑MD͒ relaxation process. Instead, several MD processes are repeated, keeping a different value of M n each time. Unless many such processes of various fixed M n value are carried out, the spin-restricted results will not be accurate considering the large number of closely spaced local-energy minima resulting from the ͕R n ͖ dependence͔.
͑v͒ Electron correlations are usually treated within the LSDA and/or Hubbard model approximation.
The above list of approximations also includes various model approximations,. They include, for example, the popular spherical jellium-drop model and its modifications, [41] [42] [43] [44] [45] [46] which have been found to be successful in describing various properties of clusters of simple metals. In the case of CTMA's, however, the models based on the jellium approximation are inadequate to describe the cluster magnetism and/or its effect on the cluster geometry. Even the reintroduction of lattice effects within a pseudopotential formalism, 43, 44 in a fashion similar to that proposed by Andriotis 47 for the semi-infinite metals, cannot overcome the inherent limitations of the jellium approximation. Furthermore, the conducting spherical jellium-drop model 45, 46 has also been found to be inadequate in describing nonmagnetic properties of CTMA's, namely, their ionization energies. 34, 40 Faced with these difficulties, the theoretical efforts have been led to a search for workable simpler computational schemes in order to describe both small and large CTMA's at the same level of accuracy. Among the models proposed, those which combine MD schemes with the embedded-atom many-body potential methods 20, [48] [49] [50] were found to be reasonably successful in determining the structural properties of nonmagnetic CTMA's. Similarly, methods based on empirical model potentials 51, 52 have been used for analyzing the structural, dynamical, meltinglike, and evaporation behaviors of transition-and noble-metal clusters ͑see Ref. 51 and references therein͒. However, by their nature, these methods cannot be used for a description of cluster magnetism, except for the embedded potential methods which can be used for an approximate description of the cluster magnetism provided that additional approximate corrections be incorporated into the original scheme of these theories. 20 A better way to describe the cluster magnetism is provided by the tight-binding method, which has been used successfully in a description of the bulk 53, 54 and surface magnetism. [55] [56] [57] For this reason, and motivated by the success of the tight-binding molecular-dynamics ͑TBMD͒ method in the treatment of semiconductor systems, 58 we have recently introduced the TBMD calculational approach in the studies of CTMA's. In a series of recent works, [27] [28] [29] we have demonstrated that the TBMD method can be used to successfully describe the structural and dynamical properties of nonmagnetic Ni n clusters of small and intermediate sizes ͑i.e., for nр55). Using the TBMD scheme we were able to show that, in agreement with the experiment, Ni n clusters, in their ground state, ''prefer'' the icosahedral structure over the fcc ones when the cluster size permits the cluster to form a closed icosahedron ͑i.e., for nϭ13,33,55, etc.͒. For all other cluster sizes, however, the fcc-based structures were found to be energetically more favorable than the icosahedral ones. [27] [28] [29] Subsequently, by including electron correlations within the Hubbard model approximation in our TBMD approach, we were able to extend our applications to the magnetic Ni n , Fe n , and Co n (n р55) clusters. 30, 31 We also showed in earlier reports 30, 31 that our extended TBMD approach-to be referred to as the H-TBMD method-leads to a description for the variation of the average magnetic moment ͗ n ͘ per atom with the cluster size in very good agreement with the existing experimental data. 5, 6 In our H-TBMD approach, as in our original TBMD, much emphasis is focused on the flexibility and efficiency of the method to allow for spin and symmetry unrestricted totalenergy optimizations for CTMA's of small and intermediate sizes within the LSDA. H-TBMD imposes no symmetry and spin constraints, while at the same time including all electron-electron interactions within the TB picture and the LSDA without restricting them only among the d electrons ͑as is the case sometimes 16 ͒. As a result, within our H-TBMD method, one avoids all the drawbacks associated with any neglect of the s-d interactions ͑which seem to reduce ͗ n ͘ by 10% in small iron clusters, 59 and could possibly affect the geometry of the nickel clusters 16 ͒. Additionally, one can study changes in the electron populations that take place among the electron subbands as the total spin and the geometry of the cluster change during the MD simulations.
It is worth emphasizing that the TB method meets a more general acceptance in studies of CTMA's, and many applications have been reported at various levels of approximation. 16, 20, 21, [28] [29] [30] [31] [59] [60] [61] corresponding mostly to the various ways that one can achieve the optimum transferability of the TB parameters. The transferability of the TB Hamiltonian depends on, among other factors, the scaling of the matrix elements with the interatomic distance ͑see, for example, Ref. 62 and references therein͒ as well as the scaling factors that take into account the effects of the local environment of each atom. 61, 63 In the case of the H-TBMD method, the accuracy of the TB approximation also depends on the proper description of the electron correlations within the Hubbard model. This, in turn, is reflected in the choice of the Hubbard parameters for the intrasite and intersite Coulomb and exchange interactions, and also on the degree of self-consistency which is required for their description. 16, 20, 21, 30, 31, [59] [60] [61] 64, 65 Our method is very general, and can be applied at various levels of approximations depending on the accuracy desired and the availability of computer resources. The results presented in this work have been performed within the simplest possible approximation. In particular, we have retained the universal TB description of the electronic interactions as proposed by Harrison, 66 using the Slater-Koster 67 scheme, and have included electron correlations within the Hubbard model approximation. Finally, our total-energy expression for the cluster also includes a pair repulsive potential term, suitably fitted to experimental ͑or ab initio͒ data. These approximations are consistent with our initial motivation to present an efficient methodology based on a minimal set of adjustable parameters ͑in our case there are only five such parameters͒, and flexible enough to accurately reproduce known properties when applied to both covalent and metallic systems. On the other hand, the H-TBMD method can easily incorporate more accurate TB scaling schemes, as for example the one proposed by Mehl and Papaconstantopoulos, 68 which will allow our method to take a firm ab initio character.
II. METHOD
Our TBMD method was described in detail in Ref. 29 . In the present work, we focus on the generalization of the TBMD method, namely, the H-TBMD method, which was recently introduced in the studies of the magnetic CTMA's. 30, 31 A number of minor modifications in the parameters, including the scaling, have been deemed necessary for better transferability of the TB parameters. Whenever necessary, a brief review of the aspects of the original TBMD theory will be given for reasons of completeness. As in our original TBMD approach, the H-TBMD method involves the following computational steps.
͑i͒ Construction of the spin unrestricted TB Hamiltonian, H ,ϭϮ1, for electrons with spin-up (ϭϩ1) and spindown (ϭϪ1), respectively, from which the electronic eigenstates, ͉c i ͘, and eigenvalues, ⑀ i , are calculated ͑within the LSDA͒ by solving the Schrödinger equation
͑ii͒ Calculation of the total-energy of the system by summing over occupied levels and adding a sum over pair potentials. The total-energy expression is then used in the calculation of forces acting on each atom of the system.
͑iii͒ Full geometry optimization of the system by following its time evolution starting from specific initial geometries.
A. Construction of the spin-unrestricted TB Hamiltonian
In constructing the TB Hamiltonian, we assume an orthogonal atomic basis set. For the case of nonmagnetic CTMA's the diagonal Hamiltonian ͑i.e., the intrasite͒ matrix elements E m (i) ,mϭs,d, associated with the atom at the lattice site R i , are taken to be configuration independent and equal to the values given by Harrison. 66 Note that p orbitals are not used here, and we take E s
For the latter approximation, Harrison readjusted the value of the intersite matrix element V ss in order to fit the bulk band structure. It is clear that Harrison's diagonal elements cannot be directly used for studying cluster properties which depend explicitly on the relative strength and position of the atomic orbital energies.
In the case of the magnetic CTMA's, the necessary spin dependence of the diagonal matrix elements is introduced using the Hubbard approximation according to which 69 the intra-atomic Coulomb and exchange interactions result ͑in the case of atoms with band degeneracy͒ in an effective intra-atomic Coulomb repulsion U eff (i) and a corresponding effective intra-atomic exchange interaction J eff (i) , in terms of which the corrections ⌬E m (i) ,mϭs,d, to the diagonal elements E m (i) ,mϭs,d take the form
where denotes the spin (ϩ1 for spin-up and Ϫ1 for spindown͒, n m (i) denotes the occupation number of the ͉m͘ orbital at the lattice site R i and
where n 0m (i) are the corresponding orbital occupancies for the bulk material. The terms ⌬E Mad (i) and ⌬E config
contained in the right-hand side of Eq. ͑4͒ denote the Madelung-type interactions ͑resulting from the charge transfer among the atoms of the cluster͒ and the coordination dependence of the matrix elements, respectively. 56, [59] [60] [61] 64 The off-diagonal ͑i.e., the intersite͒ matrix elements are taken within the two-center approximation of Slater and Koster 67 and scaled exponentially with respect to the interatomic distance r,
where d is the equilibrium bond length in the corresponding bulk material, and ␣ is an adjustable parameter in the theory. We use a smooth Fermi-type function to cutoff interactions between atoms separated by large distances, ensuring that the average cutoff distance r c (Ϸ3.00 Å) is between the nearest and next-nearest neighbors in the bulk solid. For the present calculations we follow our previous calculational scheme, [27] [28] [29] and assume that the values of the parameters V Ј (d) can be expressed in terms of the universal con-
where r d is a characteristic length associated with each transition-metal atom. 66 The parameter ϭ0 for s-s interactions, ϭ Table I we list the values of the universal constants Ј with the exception of ss , which is now an adjustable parameter, and in Table II we list various elements used in the present calculations.
While our assumption that the intra-atomic ͑diagonal͒ TB matrix elements are configuration independent can be justified from the fact that for large CTMA's ͑i.e., for the systems for which the present H-TBMD method is being formulated͒, the cluster stability is mainly an interplay between two mutually competing close-packed structures. However, it should be emphasized that in CTMA's of small size, charge transfer and anisotropy effects may induce significant corrections in the diagonal TB matrix elements, making a self-consistent approach necessary in their determination. Furthermore, self consistency may also be necessary for an accurate incorporation of the electron correlation effects in order to obtain a reliable description of the cluster magnetism. In the Hubbard model approximation of the electron correlations, this requirement translates into a boundary condition that imposes self consistency on the occupation numbers of the electron orbitals. The exponential scaling of the interatomic ͑off-diagonal͒ TB matrix elements, on the other hand, employed in the present work, can be justified from our experience on Si clusters. 62 In our H-TBMD approach, we make the simplest possible approximation to the correction terms, ⌬E m (i) , and take
where s 0m (i) are adjustable parameters, to be adjusted so as to reproduce the correct spacing of the higher-spin states of small clusters ͑for cluster size nр5), whose values are available from results of accurate ab initio calculations. From Eqs. ͑4͒ and ͑8͒, it is apparent that the parameters s 0m (i) correspond to effective exchange interaction J eff (i) terms according to the relation In order to simplify our model further, we assume the effective exchange interaction to depend only on ͗ n ͘ ͑and not on the individual n (i) value͒ and be independent of the types of the orbitals and lattice sites; i.e., we take
Thus the present H-TBMD method includes just one extra adjustable parameter s 0 , when compared with our original TBMD method. 29 The approximations made in Eq. ͑10͒ are consistent with the inherent approximations of the method and, to a large extent, can be justified based on the results of ab initio calculations. In particular, from the early calculations of Yang et al., 38 it was observed that for the d bands, the effective exchange splitting between corresponding majority-and minority-spin levels in a cluster is of the same order of magnitude as those obtained from band theory ͑see also Ref. 30͒. The exchange splitting was found 38 to be a very localized property, not very sensitive to cluster size. Equation ͑10͒ is also consistent with Harrison's approximation used here, according to which E d (i) ϭE s (i) . 66 These, along with the bond length in the bulk solid d, are set a priori, and are listed in Table III .
B. Calculation of total energy and atomic forces
The total-energy calculation proceeds along the original TBMD method. 29 Briefly, the procedure is as follows. The total energy U is written as a sum of three terms:
The electronic part U el is obtained by performing a sum over the eigenvalues ⑀ i of the occupied one-electron states of the TB Hamiltonian, given by Eq. ͑3͒, i.e.,
where i is the occupation number of the ͉i͘ state. The second term in Eq. ͑11͒, U rep , is a pair repulsive term that includes contributions from the ion-ion interactions and a correction to the double-counting terms included in U el , coming either from Coulomb and exchange interactions or the ͑Hubbard͒ correlation terms. This term is given by a sum of repulsive pair potentials, i j ,
i j is taken to scale exponentially with the interatomic distance r i j :
The value of 0 is chosen so as to reproduce the correct experimental bond length of the dimer at its correct magnetic state. 30 In Table II we list our adjusted values for both s 0 and 0 for Ni, Fe, and Co clusters. The cutoff distance, r c , used for the repulsive potential, is taken to be the same as that for the electronic term.
The third term U bond is a coordination-dependent correction term to the total energy, originally introduced by Tomanek and Schluter 70 in their studies of Si clusters. Although in our earlier works we used a quadratic polynomial for fitting U bond , we find that a linear polynomial is adequate in our improved scheme. This term does not participate in the calculation of the forces and, therefore, does not affect the MD procedure for geometry optimization. It is, however, very crucial in distinguishing various isomers for a given cluster size. Assuming no appreciable dependence on bond length, the U bond term is given by the following expression:
where n b /n is the average number of bonds per atom of the cluster, and n is the number of atoms in the cluster. The value of n b is determined by a Fermi-type function, i.e.,
where the sum is over all bonds of the cluster and ⌬ is taken equal to 0.01 Å. The parameters a and b are obtained by fitting U bond , given by Eq. ͑15͒, to either ab initio results for the total energy, U ab initio , of small clusters of different sizes in their ground state ͑if available͒, or experimental results according to the equation
Thus there are a total of five adjustable parameters in our scheme: a and b from Eq. ͑15͒, 0 for the repulsive potential, s 0 for the average exchange splitting, and ␣ for the scaling of both the electronic Hamiltonian and the repulsive potential with the interatomic distance according to Eqs. ͑6͒ and ͑14͒. These parameters, once adjusted to reproduce known results ͑theoretical or experimental͒ for small clusters ͑with number of atoms less than or equal to 5͒, are then kept fixed in subsequent calculations for clusters of arbitrary sizes. In Table II we give our fitted values for these parameters.
The force f i acting on the ith atom due to the interatomic interactions are obtained from the equation
The simple analytic form of U rep ͓Eq. ͑14͔͒ makes the evaluation of the corresponding force term rather straightforward. The contribution to the force f i from U el is obtained by using the Hellmann-Feynman theorem, according to which to obtain the atomic coordinates as a function of time. A small damping force is added to simulate energy loss for reaching the equilibrium configuration for the cluster. Many widely differing initial geometric configurations are considered in the simulations. The final equilibrium configurations thus obtained correspond to local minima of the total energy. Our aim is to identify the cluster configuration corresponding to the absolute minimum of the total energy. For small clusters this is readily achieved. For large clusters, however, we construct initial geometries using clues from experimental or other theoretical works and perform a full symmetryunrestricted optimization. Although such an approach is considerably efficient, it can still leave out some cluster configurations containing the most stable geometry.
C. Accuracy of the model
The TB parameters are usually obtained by fitting to bulk band-structure results obtained by accurate ab initio calculations. As shown by Harrison, 66 the bulk properties are well described by the universal constants Ј . Therefore, the only remaining problem with the choice of the TB parameters is their transferability, i.e., their applicability in environments different from the ones used to obtain the TB parameters. This is not always the case, and the TB parameters obtained by fitting to the bulk band structure cannot describe, in general, surfaces and/or clusters in an accurate way. In such cases, transferability can be significantly improved with a judicious choice of the adjustable parameters 0 and ␣ that enter the force calculations. These are fitted to a dimer for experimental bond length and frequency. This fitting uniquely determines ␣ and 0 , for a given range of s 0 values ͑see below͒. Although a small dependence on the cutoff distance r c is observed, no appreciable change in results is detected if r c is taken within the range determined by first-and second-nearest-neighbor distances. Larger r c values are not consistent with the implicit assumption that the universal TB parameters are obtained by keeping only first-nearestneighbor interactions. It is worth emphasizing that the procedure followed here is different from the one followed in our earlier calculations, [27] [28] [29] [30] [31] in which the value of ␣ was taken equal to 2/d, where d is the equilibrium bond length of the bulk material. The current approach is an improvement over the previous one, as it allows for better transferability by an accurate description of the two extreme structures, namely, the bulk and the dimer, and, therefore, a better interpolation for structures in between. It must be remembered that distance dependence of the TB parameters implicitly contains the effect of the local environment. 63 It is also desirable to choose a simple analytical expression for the scaling in order to be efficiently used in largescale computations. This is just the case when Harrison's 66 universal TB parameters for the intersite interactions are scaled with the interatomic distance according to Eq. ͑6͒. Bulk properties are found to be well described by this simple scaling. 62 Additionally, the scaling of the intrasite ͑diagonal͒ TB matrix elements requires, in general, a more careful treatment as discussed earlier, and with consideration of terms in Eq. ͑4͒.
The parameter s 0 is chosen from a range of values that do not alter the fitting result of ␣ and 0 and, in addition, reproduces the higher-spin states of small clusters. As expected, we find that s 0 depends on ␣; the larger the value of ␣, the larger the value of s 0 that is needed to reproduce the magnetic states of small clusters. Under a constant value of ␣, small changes in s 0 do not alter the results appreciably. 30 Usually, s 0 is chosen within a range of values that satisfy our result found by fitting ␣ and 0 . We find that changing the values of s 0 by up to 5-10 % do not change results appreciably. This is shown in Table IV , where we present our results for small Ni clusters for two fitted values of s 0 , ͑and similarly in Table 1 of Ref. 30 for Fe n ). From these results one observes that the geometries of the various spin states of the Ni ͑and Fe͒ clusters are quite stable within fairly large uncertainties of the s 0 value, the latter being very close to the average value of the exchange splitting as obtained from band-structure calculations; 16, 17, 26, 53 ͑see also Table VI͒ . It is also worth noting that small changes in s 0 ͑while keeping all the other parameters constant͒ do not result in any changes in the vibrational frequencies.
The other two parameters, namely, the coefficients a and b which are used to express U bond in Eq. ͑15͒, are obtained by fitting U bond values, defined by Eq. ͑17͒, to a linear polynomial in the number of bonds per atom (n b /n) according to Eq. ͑15͒. The major problem encountered in the evaluation of the coefficients a and b is the lack of sufficient ab initio data for fully optimized ͑symmetry unrestricted͒ structures. The situation is exacerbated by the fact that ab initio results for cluster geometries, frequencies, and magnetic states fail to agree among themselves and also with experiment, even for small clusters. Since the coefficients a and b require only two sets of data, we chose to use experimental data for the binding energies of the dimer and bulk solid for their determination. As will be shown in Sec. III, this choice leads to good agreement with ab initio results when data for fully optimized structures are available. In some cases when experimental results are available for some ''magic number'' clusters, the results obtained using the present scheme seem to give better agreement with experiment than ab initio values reported, suggesting that symmetry unconstrained optimization might be more relevant than other factors considered for these clusters.
III. RESULTS
In this section we present our results for Ni n , Fe n , and Co n clusters obtained using the H-TBMD scheme.
A. Ni clusters
The parameters ␣ and 0 were chosen to reproduce the experimental bond length ͑2.20 Å͒ ͑Ref. 23͒ and vibrational frequency (330 cm Ϫ1 ) ͑Refs. 23 and 71͒ of the dimer. The bulk bond length obtained using the same parameters is 2.60 Å, which compares favorably with the experimental value of 2.49 Å. The value for s 0 was chosen so as to reproduce the energy spacing of the lower-spin states of small clusters as found by ab initio methods. 11 The best fit was obtained by choosing s 0 ϭ0.5 eV, although small variations in the value of s 0 do not change the results appreciably ͑as apparent from the results in Table IV͒ . Finally, the values for a and b were obtained by fitting U bond in Eq. ͑15͒ to the experimental values of the cohesive energy of the bulk ͓4.44 eV/atom ͑Ref. 72͔͒ and the experimental binding energy of the dimer ͑0.933 eV/atom, the value quoted in Ref. 23 ; a more recent report 71 gives the value of 1.04 eV/atom͒. We used the cohesive energy of a relaxed 147-atom cluster to obtain an approximate figure for the bulk value. This fit reproduces fairly well the ab initio results of Ref. 32 , which, as it is worth pointing out, indicate a noticeable dependence on the bond length. The adjustable parameters used for Ni are listed in Table II . Also listed in the same table are the adjustable parameters used for Fe and Co.
We have considered Ni n clusters of arbitrary sizes. Although several of our results for the magnetic Ni clusters have been published recently, 30, 31 we recalculate many of the structures using the currrent parametrization scheme. In particular, we focus on cluster sizes most studied using other theoretical methods for purposes of comparison.
As will be shown below, the current parametrization does not introduce qualitative differences in our results when these are compared with those obtained with our earlier parametrization. [27] [28] [29] [30] [31] Only small quantitative differences are introduced by the current parametrization, and these pertain mainly to the energetics of the various cluster structures. Thus, within the current parametrization, we find that, in agreement with our previous parametrization, 31 the magnetic Ni 13 cluster does not exhibit a stable icosahedral ground state; instead, initial icosahedral geometries relax to a very distorted geometry of a prismlike structure, which is only 0.020 eV/atom less stable than the one obtained by relaxing fcc structures. For Ni 19 , we find that the nonmagnetic icosahedral cluster is less stable than the corresponding fcc one by 0.135 eV/atom. For the magnetic Ni 19 , the fcc structure ͑with ͗ n ͘ϭ0.842 B ) is found to be more stable than the icosahedral one ͑with ͗ n ͘ϭ1.158 B ) by 0.013 eV/atom.
Similarly, we find that the magnetic ͑nonmagnetic͒ fcc Ni 43 is more stable than the corresponding icosahedral geometry by 0.131 eV/atom ͑0.130 eV/atom͒. It is thus clear that our results for both Ni 19 and Ni 43 ͑being more or less independent of the parametrization used͒ do not agree with those obtained using the embedded-atom method, 73 according to which Ni 19 and Ni 43 exhibit ground states of icosahedral structure.
From these results it is apparent that the current parametrization does not substantially affect the calculated magnetic moments of the clusters ͑as compared with our results based on our earlier parametrization͒. In Fig. 1 we plot the average magnetic moment per atom for Ni clusters with n ϭ2 -20 atoms. We also include in the same figure the experimental results of Apsel et al., 6 the theoretical results of Reuse and Khanna, 13 and the recent theoretical results by Bouarab et al. 14 Reuse and Khanna used density-functional theory in the local-density approximation ͑LDA͒, while Bouarab et al. used a self-consistent tight-binding method ͑applied to geometries obtained by MD and therefore not fully relaxed within the self-consistent approach͒ to calculate the average magnetic moments. Our values are in perfect agreement with the LDA results reported in Ref. 13 for n ϭ2, 3, 5, and 6. Full optimization can readily be done for clusters of these sizes. As seen in Fig. 1, however , results of Ref. 13 predict a much lower value for the magnetic moment when compared with experiment for Ni 13 . This may be due to lack of full symmetry and spin unconstrained minimization for this structure. Our results are much closer to experiment than those reported in Ref. 14. On the other hand, the current parametrization does affect, as expected, the calculated vibrational frequencies of the clusters. For Ni 3 we find the eigenfrequencies to be equal to 98, 183, and 327 cm Ϫ1 , which are in good agreement with the experimental values of 198, 300, and 405 cm Ϫ1 as measured by Nour et al. 71 The present method can easily be extended to the treatment of larger Ni clusters. For comparison, we have used our method to study Ni n clusters for nϭ33 ͑twin closed icosahedron͒, 43 ͑fcc͒, and 147 ͑icosahedron͒ shown in Fig. 2 . The magnetic moments for these clusters, along with experimental results for these clusters reported by Apsel et al., are listed in Table V . As seen in the table, there is excellent agreement with experiment for the magnetic moment per atom. The discrepancies, when they arise, have to do with the fact that the experimental results have been obtained at temperatures high enough to account for thermal energies which are comparable with the energy differences among the various isomers of a given cluster. It is also possible that the adsorption of various atoms on the cluster surface tends to promote equilibrium cluster geometries which are different from those exhibited by the adsorption-free magnetic clusters. 
FIG. 2. Relaxed geometries of magnetic Ni
n for nϭ ͑a͒ 33 ͑twin icosahedron͒, ͑b͒ 43 ͑fcc͒, and ͑c͒ 147 ͑icosahedron͒.
B. Fe clusters
As in the case of Ni, the parameters ␣ and 0 for the Fe n clusters are obtained by fitting to the ground-state properties of the dimer. In particular, our parameters were fitted so as to reproduce the experimental bond length of 2.02 Å, 74 and the experimental vibrational frequency, ϭ300 cm Ϫ1 , ͑Refs. 71 and 75-77͒ of the dimer. The parameter s 0 , on the other hand, was fitted to reproduce the theoretical spin states of the small clusters. 10, 30, 31 The values of the parameters a and b were obtained by fitting U bond ͓given by Eq. ͑15͔͒ to the experimental value of the cohesive energy of the bulk ͓4.28 eV/atom ͑Ref. 72͔͒ and the experimental binding energy of the dimer ͓0.65 eV/atom ͑Ref. 75͔͒. The values of ␣, 0 , and s 0 ͑listed in Table II͒ , thus obtained, are slightly different from our previous ones. 30, 31 However, the current parametrization does not introduce any quantitative differences in the calculated values of the average magnetic moments ͗ n ͘ for nϽ10, while for larger clusters (10рnр55) the current parameters result in magnetic moments which are at most 6% greater than our previously reported values, 30, 31 indicating only a minimal sensitivity of our results to the adjustable parameters. Also, we find no qualitative differences in the ground-state geometries of the clusters studied using the new parametrization. In Table VI , we present our results for some selected Fe n clusters for comparison. The geometries of some of the relaxed Fe n clusters are shown in Fig. 3 .
As in our previous calculations, 30, 31 our results for Fe n clusters are in very good agreement with both experimental data and theoretical results when the latter pertain to fully relaxed cluster geometries. Thus, we see from our previous results, 30 and from those included in Table VI , that the average magnetic moment ͗ n ͘ per cluster atom exhibits a strong dependence on the cluster size and/or geometry, especially in the case of very small clusters. In Fig. 4 we show the calculated relationship between ͗ n ͘ and the average number of bonds per atom ͓given by Eq. ͑16͔͒. From this it is clear that, as the ratio of surface to bulk atoms becomes smaller, the average magnetic moment tends to stabilize at the corresponding bulk value. For small clusters, however, for which the surface to bulk atoms ratio is larger, a strong dependence of ͗ n ͘ on n b /n is found, although in this figure it is difficult to separate the effects due to the bond lengths from those due to the average coordination number of the cluster-atoms.
The calculated values of ͗ n ͘, in agreement with experiment 5 and other theoretical reports, 10, 12, 16, 20, 60 are found to be much larger than those for the bulk (2.2 B ) ͑see, for example, Ref. 78͒. It is worth noting that clusters consisting of hollow structures are found to be stable, in agreement with Christensen and Cohen. 20 These hollow cluster geometries exhibit excessively high magnetic moments. Striking cases appear to be the distorted C 4v structure of Fe 6 , the cubic Fe 8 and the hollow ͑no central atom͒ bcc structure of Fe 14 . ͑The hollow icosahedral structure of Fe 12 ͑being an icosahedron with no central atom͒ does not exhibit such property; it is found to be unstable.
Another observation concerning Fe n clusters is that our results for the magnetic moments of the relaxed cluster geometries are in very good agreement with the results reported by Ballone function of the average number of bonds per atom ͓given by Eq. ͑16͔͒. As seen in the figure, the average magnetic moment tends to stabilize at the corresponding bulk value as the ratio of surface to bulk atoms becomes smaller.
significant differences can arise when comparing results obtained for relaxed structures with those obtained for unrelaxed structures. This clearly shows the necessity of performing spin-and symmetry-unconstrained calculations for determining the ground state properties of the CTMA's accurately.
In addition to obtaining the average magnetic moment, our scheme can also provide us with information about the distribution of the magnetic moments and their relationship to the electronic charge transfer among the atoms of the Fe n clusters. Our calculational results lead to the following conclusions.
͑i͒ The actual value of the magnetic moment n (i) of the ith atom of a Fe n cluster is the result of a very delicate interplay of three main factors: ͑1͒ the ͑local͒ coordination number, ͑2͒ the bond lengths ͑between a given atom and its neighbors͒, and ͑3͒ the excess electronic charge ⌬q n (i) of the given cluster-atom.
͑ii͒ The cluster atoms on the surface exhibit greater magnetic moments than the inner cluster atoms, provided that the corresponding bond lengths and excess electronic charges of the corresponding atoms do not differ appreciably.
͑iii͒ A correlation between ⌬q n (i) and n (i) cannot be established, as this is strongly affected by the local coordination number and the bond lengths of the atom with its neighbors.
Thus, for example, in the case of the fcc Fe 43 , we find that the value of magnetic moment for the central atom is the smallest, while it exhibits a large excess electronic charge of ϩ0.346 electrons. The values of the magnetic moments of the rest of the atoms are found to increase as the atoms move away from the central atoms. Atoms belonging to the same shell exhibit the same value of the magnetic moments, and atoms with the highest magnetic moment are found to reside on the outer ͑surface͒ shell of the cluster. On the other hand, the excess charges ⌬q n (i) exhibit a variation with the shell number, the former taking values of Ϫ0.256, ϩ0.035, and ϩ0.105 electrons on the first, second, and third ͑outer͒ shells, respectively.
In the case of Fe 55 we find the excess valence charge ⌬q n (i) to increase gradually from Ϫ0.268 electrons on the central atom to the value of ϩ0.066 electrons on the surface atoms. At the same time, the magnetic moments increase from a value of n (i) ϭ2.105 B ͑very close to the bulk value͒ at the central atom to the values 2.68 B and 2.78 B on the surface and subsurface cluster atoms, respectively, indicating the effect of the interplay of the various factors ͑discussed above͒ in the development of the magnetic moment of each cluster atom. This picture is in agreement with the findings of Refs. 16 and 38 in the case of Fe 15 .
Furthermore, we see from Table VI that our calculations also reproduce the experimental vibrational frequencies of the trimer, Fe 3 . In particular, we find ϭ179.5 and 318.0 cm Ϫ1 , which are in good agreement with the experimental values of 180 and 220 cm Ϫ1 found from far-infrared and resonance Raman spectra. 71, 75, 76 For larger Fe n clusters, the frequencies we calculate are included in Table VI Finally, it should be noted that our results are in agreement with the general trends found by Ballone and Jones 12 for small clusters. In particular, we have found that compact clusters are more stable than open structures, and that nonmagnetic clusters exhibit shorter bond lengths than the corresponding magnetic clusters. Additionally, it is worth noting that, while the applicability of the method of Ballone and Jones to Fe n clusters is limited to cluster sizes nр10, our method is easily applicable to much larger clusters, and, therefore, offers a significant advantage for studying more complex systems.
C. Co clusters
Unlike in the case of Ni and Fe, the limited availability of the experimental data and ab initio results do not permit an accurate evaluation of the adjustable parameters for cobalt at present. We relied on the data for the bond length and the vibrational frequency of the dimer suggested by Shim and Gingerich 79 ͑on the basis of their CI calculations͒ to determine the parameters ␣ and 0 . According to these, the vibrational frequency of Co 2 is approximately 240 cm Ϫ1 , and the expected bond length is 2.43 Å. To the best of our knowledge, data for small Co n clusters are very limited. We relied on the existing experimental 3, 4 and theoretical data 25, [79] [80] [81] as well as on our observation ͑following the studies of Fe and Ni clusters͒ that the average value of the exchange splitting takes, to a good approximation, the corresponding bulk value, for the determination of the parameter s 0 . The parameters a and b were obtained by fitting to the experimental cohesive energy of the bulk ͓4.39 eV/atom ͑Ref. 72͔͒ and the experimental binding energy of the dimer ͓0.5 eV/atom as quoted in Ref. 79 . This is very close to the reported theoretical value of 0.482 eV/atom ͑Ref. 71͔͒. The adjusted parameters ͑listed in Table II͒ reproduce the magnetic ground state of Co 2 . This choice of the parameters, however, introduces a small charge transfer between the two Co atoms due to an oscillation in the ground state configuration. Due to the fact that no accurate ab initio results are available for Co 2 which can be used for better fitting, we used the parameters listed ͑in Table II͒ in our calculations for the larger Co n clusters in order to demonstrate the applicability of our method.
Our results for the larger Co n clusters are included in Table VII along with other reported results for comparison. From this table it is apparent that our results reproduce reported results for Co 6 ͑Ref. 25͒ and for Co 13 25,80 while they decline from the theoretical and experimental results for Co 43 by 10-15%. On the other hand, our calculations on Co 141 ͑Fig. 5͒ resulting in an average magnetic moment of 1.823 B , are in very good agreement with the experimental findings of Douglass et al. 4 ͓who found that for cluster sizes of 56-215 atoms the average magnetic moment per atom is 1.96 B Ϯ0.12 B ͑re-expressed using gyromagnetic ratio gϭ2.0)͔ and the experimental results of Billas et al., 5 which indicate a value of 1.75 B for cluster sizes of approximately 140 atoms.
IV. CONCLUSION
We have detailed a minimal parameter tight-binding molecular-dynamics scheme incorporating a Hubbard Hamiltonian for the treatment of magnetic effects. The method is computationally fast, and can be easily used to treat clusters of a few hundred atoms (nр300). These cluster sizes are well beyond the range of ab initio techniques. The present method allows full symmetry and spin-unconstrained minimization for magnetic clusters of size nϾ100. We have compared our results with experiment and other theoretical schemes. The excellent agreement with experiment for large clusters shows that full geometry optimization is more crucial in obtaining good agreement with experiment than other considerations for magnetic clusters.
